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INTRODUCT ION

The choice of an optimum laser wavelength for laser fusion remains an
outstanding issue, both experimentally and theoretically. In particular, from
the point of view of laser-plasma coupling, incident wavelengths of the order
of 1/3 um to 1/4 um have some strong potential advantages over wavelengths in
the 1 to 3 um range. To shed more light on this issue we have carried out a
series of experiments comparing laser light absorption at wavelengths
of 1,06 um, 0.53 um, and 0.26 ym. Results on the effect of laser intensity
and pulse duration are given. Theoretical analyses both with simple
analytical models and with numerical simulation using two 1D hydrodynamics
?odes show the strong contribution of inverse bremsstrahlung at short

wavelengths which can produce a very high level of absorption and less fast

electron production.

I. EXPERIMENTAL SET-UP

Our system is a Neodymium glass rod laser, with a final amplifier of
90 mm diameter. With KDP crystals, we can double the frequency with more than
50% efficlency in energy conversion, and quadruple it with 20% efficiency
relative to the fundamental rr-equency.1 The energles available at various
pulse lengths are 20 J - 100 psec or 100 J ~ 2.5 nsec at 1.06 um;

12 J - 80 psec or 32 J - 2 nsec at 0.53 um; 10 J - 160 psec at 0.26 um,

We have irradiated plane terphane foils, under normal incidence, using a
large aperture (f/1.2 at 1.06 ym and 0.53 um; £/1 at 0.26 um) focusing lens,
in order to be as close as possible to spherical target experimental
conditions. The focal spot diameter was determined from X-ray pinhole
photographs at 1 - 2 keV and by studying the energy which is not intercepted

by spherical targets of variable diameters. We found that 80% of the energy



is deposited within 65 um for all wavelengths. In all the experiments the
best focusing position was used, énd was determined as the position giving the
highest X-ray emission and backscattering from the plasma, and by careful
study of the impacts on burnpaper. We found that the absorption was very
reproducible, as long as the target was within + 75 um of the best focusing
position. Aa an example of this effect, Fig. 1 shows the variations of the
absorption and backreflection with the focusing position
at 1.06 ym - 2.5 nsec. Flux variations are obtained by introducing calibrated
attenuators on the incident beam. '
The main diagnostic is the total absorption measurement. The absorption
.is evaluated by separately measuring the energy backreflected into the
focusing lens (including specular reflection and backreflection), and the
energy which is refracted, reflected or scattered in the remainder of the

space not subtended by the lens. The effective aperture of the collecting

lens for back-reflection waa £/0.8.

To measure the refracted and scattered light, we use an Ulbricht sphere,2

developed in Garching3 and shown in Fig. 2. This is a plexiglass sphere
covered with a perfect diffusing paint. The reflected light from the target
is completely diffused in the sphere, and each part of its surface received
the same energy which is proportional to the reflection. Each of the four
photodiodes, arranged on the sphere as indicated on Fig. 2, gives a
measurement of the light intensity in the sphere. The photodiodes are
protected from direct light by small dises, and equipped with interference
filters and attenuators. The final measurement is deduced from the mean value
of the signals of the four photodiodes. By that method, we can eliminate
inhomogeneities coming from the holes required for the incident beam and

target alignment. The sphere is calibrated by measuring the signals obtained



on the photodiodes when we directly shot in the empty sphere or on a

dielectric unfocused mirror at low flux. The responses of the diodes were

found to be linear to within 5% with the incident intensity and the same in

both cases.

The hot electron temperature was determined in the same experiment with a

10 channel continuum X-ray analyzer and the results are detailed in Ref. 4.

II. EXPERIMENTAL RESULTS

We successively present the experimental results concerning the effect of

.the laser intensity for the three wavelengths ( 1.06 ym - 0.53 uym - 0.26 um)

in the short and in the long pulse regimes.

A.

Short pulse case.

1.06 pm - 100 psec.

Figure 3 shows the variatlons of backreflection into the focusing
optics, reflection in the Ulbricht sphere, and total absorption,
with incident flux. The first fact of interest is the almost
constant (approximately 22%) backscatter when the incident flux
varies by more than four orders of magnitude. Since we are at
normal incidence, this value includes specular reflection and
stimulated Brillouin backécattering. We deduce that the
Brillouin effect is very weak under these conditions and probably
saturated at a level below 20%. This can be explained by the
very steep density gradient due to short pulse illumihation which
keeps this instabllity at a very low level. On the other hand,

reflection in the Ulbricht sphere increases when flux is



increased, and becomes larger than backreflection for fluxes
higher than 1010 W/cm?. The total absorption rate is deduced

from these two curves and we can separate two regimes:

- At low fluxes, 2 X 1010 ¢ 1 < 1013 H/cmz, absorption decreases
when laser intensity increases. For these low fluxes, inverse
bremsstrahlung 1s the main absorption process, and the
decrease of absorption may be assoclated with two
mechanisms: first the increase of electron temperature and
secondly steebening of the electron density profile. Increase
of electron temperature can be explained by classical
variation with incident flux in an isothermal corona, by new
heating processes appearing at high flux, and by overheating
of the corona in the case of inhibited transport. Inhibition
of heat transport, and radiation pressure may modify the
corona outflow and steepen the density profile near the

critical density where most of the collisional absorption

takes place.

- For fluxes between 10'3 and 2 X 10'° w/em?, collisional
absorption is very weak, and the almost constant absorption
level (approximately 30% + 5%) is probably due to resonance
absorption on a nonuniform critical surface with ripples in

the density profile and possible magnetic fields.5

This level of absorption has been observed by many other

laboratories in various conditions and is almost independent
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of wavelength. At 1.06 um and 1012 W/cm? we have measured
about 30% absorption, which is in agreement with the Los
Alamos results for a broader range of 1ntenait1es.6 A study
of the variation of absorption as a function of incidence
angle gave us the opportunity-to observe the influence of

resonance absorption for CO2 1rrad1ations.7

0.53 um - 80 psec.

Experiments analogous to those at 1.06 um were executed

at 0.53 uym, and ;esults are shown on Fig. 4., As at 1.06 um, we
observe that the backreflection does not change when flux is
varied. It stays very weak, approximately 10%, up to intensities
of 2 X 10'7 W/em?. Stimulated Brillouin backscattering does not
occur and energy losses are probably due to refraction;

But the most interesting result is the large increase of

. H/cmz.

absorption at 0.53 um compared to 1.06 um for I < 101
This result is still more significant if we go to shorter

wavelength.

0.26 ym - 60 psec.

For the same conditions as above, the absorption rat;s are about
(90% + 5%) for I approximately 4 X 10?" W/em?. Losses are
equally shared between backscattering and reflection in the
sphere, 3 to 5% each. The same absorptions were obtained for

several different kinds of materials: plastic, aluminium, copper

and gold.



The increase of absorption with shorter wavelength can be
explained by the better inverse bremmstrahlung efficiency, first
because the laser light penetrates to higher densities where the
plasma is more collisional, and secondly because radiation
pressure and flux limitation, which produce steepening of the
density gradient and which can make the corona hotter, must occur
at -higher fluxes for short wavelengths. More detailed studies of

these effects will be given in Sec. IV.

The long pulse case.’

Recent studies have shown that it 1s interesting to use laser pulses
of longer duration, in order to shift from the exploding pusher to
the ablative compression regime. In the latter case, the electron
density profile is smoother, extending further in front of the
critical density layer. The associated increase of inverse
bremsstrahlung and consequently of total absorption, compared to
short pulses, 1s observed for the three wavelengths at low fluxes.
But at high fluxes, effects such as Brillouin scattering can modify
this prediction depending on the laser wavelength, and we discuss the

three cases separately.

1. 1.06 ym - 2.5 nsec.

Figure 5 shows the detailed reflection and absorption
at 1.06 um versus incident flux. We observe that at low flux,

backscattering 1s almost constant below 5 X 1013 WIcmZ, and is

lower than reflection in the Ulbricht sphere. But for fluxes

higher than 5 X 1013 WIcmz, the energy backscattered into the



focusing optics increases very rapidly with the flux, and becomes
larger than refraction for I = 10‘" H/cmz. These results suggest
that the Brillouin back-scattering instability becomes important
in the long pulse regime at 1.06 um, for fluxes higher than

10'% Wem?. It is reasonable that Brillouin backscatter should
dominate over sidescattQ; for our experiments, since the small
focal spot diameter does not provide many growth-lengths in the
sideways direction. Correlated with the increased scattering, we
see a large decrease of absorption. If we extrapolate the
absorption curveé. we could expect less absorption at high fluxes

with long pulses, as compared with short pulses.

0.53 ym - 2 nsec.

At 0.53 ym (Fig. 6), experiﬁents with long pulseé confirm the
high efficiency of inverse bremsstrahlung, and absorptions larger
than 80% are obtained for I < 10M W/em?. However the most
interesting result in these curves is the very low level of

backscatter below 4 X 1014 W/em? (less than 5%) which shows that

Brillouin instability is not efrlcient below this intensity.

0.26 um.
It was not possible to do long pulse experiments

at 0.26 um because of the low conversion efficiency of the
crystals. So in order to study the Brillouin instability, we
have carried out experiments with a prepulse containing 10 to 20%
of the total energy, 200 ps long and preceeding the main pulse by

a variable time delay (540 psec. + 7 nsec.). Detalled results on



the backscattering and the spectra of the backreflected light
will be reported elsewhere. To summarize this experiment, for
ali prepulses, and for main-pulse fluxes about 4 X 10t chm?,
absorptions remain very high (approximately 90%), and
backscattering very low (< 5%). So it seems at this flux, that
the Brillouin instability is not very efficient. However these
results should be extended to higher incident laser fluxes to

attain a parameter regime where the Brillouin threshold intensity

is exceeded by a large factor.

In conclusion, our experiments, whose results are summarized on Fig. 7,
show that absorption increases when laser intensity decreases, and when
wavelength decreases. Under conditions where Brillouin scatter is not
important, absorption increases for longer pulse duratiéns. Other
laboratories8 have now obtained absorption measurements very well consistent
with these results if we take into account the variations of pulse lengths and
target material.

To analyze these data, we have developed a very simple analytical model
in order to see the most important effects, and then we have used two 1D

hydrodynamics codes to take into account a greater variety of physical

processes.

III. ANALYTICAL MODEL

The variation of the experimental absorption with wavelength A, laser
instensity I,, and pulse duration 1, are those typical of collisional
absorption with these parameters. Thus, we were motivated to develop an

‘analytical model to calculate inverse bremsstrahlung absorption (I.B.) for our
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various experimental conditions. We deduce total absorption A by taking into
account additional processes which can occur at the critical layer and absorb
a fraction a oY the laser energy reaching this density. From a theoretical
point of view, this fraction represents resonance absorption or parametric
instabilities and should lie between 0 and 30% depending on the physical
conditions. Thus, the size of o« I3 a parameter of the calculation. The
electron temperature Te is self-consistently determined by assuming that the

absorbed energy is used to maintain a self-similar isothermal expansion from

the critical surface to the vacuum.9

We only consider the short pulse case for which the expansion geometry is
.quite planar since the axial extent of the plasma is small compared to the
focal spot dilameter. In this case, Brillouin instability should not be an
important part in tﬁe energy balance, and we can neglect it in the
following. The electron density profile is taken as ne/nc = exp-(x/L) where
n, is the critical density, and L is the density scale length. For a plane

isothermal expansion L = Cs 1, vhere Cg = (ZTe/me)1/2 i1s the ion-acoustic

velocity.
The I.B. absorption of the laser light from the vacuum to the critical

density, A1. can be written as:

3
YA 1InA L cos”e
i} eff
A, =1 - exp- E§ x 11.5 x ( 3 13/2 )]
e
zefr InA T cos3e
= 1 - exp - (0.106 )
x""re

where L and ,are measured in microns, T, in eV, and ¢ in psec. Here Zopr is
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the mean lon charge defined by zefr - <z2>/<z>, 1nA is the Coulomb logarithm,

and @ the angle of incidence.

Total absorption and electron temperature are then obtained by solving

together the following equations:

Atotal-(a-1)A12+2(1-a)-A1+a (1)
lnA T
A =1 -@exp - (0.6 53— —=) (2)
1 T, 2
A - o.aux're ’ (3)
AL =4.8 10812—,f )
o ‘ _ A2

Equation (4) comes from AI, = in, Cs3 which assumes classical conduction

towards the interior of the target and an isothermal outward expansion into

the vacuum.9

We have numerically solved this system for A = 0.26 ym, t = 60 psec;
A =0.53 yum, vt = 80 psec; and A = 1.06 uym, T = 100 psec. We used Z,pp = 6.25
corresponding to °1o“a°u- Figure 8 shows the results for |

a= 0.2 and a = 0.3.

The results of this model reproduce the major features of our
experimental data: absorption increases at shorter wavelength and at lower
intensity. It gives good quantitative. agreement with our data

at A = 0.53 uym and at A = 0.26 ym. However, there are two Interesting ways in

which the model and the data disagree.
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1) At the lowest intensities for A = 0.53 um and 1.06 um, our analytic model
predicts 100% absorption. The experiment showed that absorption saturated
at about 75% for A = 1,06 um, and at 75 - 85% for A = 0.53 um. The
difference may be due to realistic effects in the experiment such as
refraction and departure from a fully-ionized state, or the transient

time-development of the blow-off. The latter effect we shall attempt to

model in the next section, using hydrodynamics codes.

2) At A = 0.53 um and especially at 1.06 um, the slope of the experimental
curve 1s flatter than the'prediction of our simple model. Here again,
both lack of full ionization and the presence of refraction in the steep
gradients at low laser inténsity may contribute. An additional effect
which can be important at 1.06 ym is profile steepening due to radiation
pressure or perhaps due to 1nﬁ1b1ted heat conduction. These will Both

result in lower inverse bremsstrahlung absorption in the corona.

IV, NUMERICAL SIMULATIONS

For our hydrodynamics simulations, we emphasize laser pulse lengths
between 60 and 100 psec. For these pulse lengths the plasma expansion should
remain one-dimensional, given the laser spot diameters used in the
experiments (50 - 70 um). This is because the criterion rér ;pcallywplanar
behavior 1s that the expansion speed times the pulse length be less than the
spot diameter. Given an expansion velocity of 3 X 107 cm/sec, characteristic
of a kilovolt electron temperature, this oriterion is well satisfled for the

spot diameters between 50 and 70 um and pulse lengths between 60 and

100 psec. Thus, the curvature of the critical surface should not be important

in this short-~pulse regime.
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Short laser pulses have the additional interpretational advantage that
stimulated Brillouin scatteriﬁg is not an important part of the energy
balance, as we saw in Sec. II. We shall compare our computer simulation
results with the short-pulse absorption data presented in Sec. II, and also
with short-pulse X-ray spectral data for hv = 1 - 20 keV obtalned under these

same experimental conditions. A detalled description of the hard X-ray data

is presented elseuhere.u

To analyze these data, we have used two computer hydrodynamics codes:
FILM and LASNEX. FILM, developed by J. Virmont and colleagues,10 is a
Lagrangian, one-dimensional hydrodynamics code. It was used here in planar
.geometry, with a fully-ionized, perfect-gas equation of state. Hot electrons
éreated by resonance absorption at the critical density surface are
transported in a multi-group fashion: flux-limited diffusion in the dense
part of the target is matched to a colliéionless treatment of the outer
coronal regions, as d;scribed by Shvarts, et a1.10 The source hot-electron
temperature at the peak of the pulse was a specified input parameter Tp.
Before and after the peak of the pulse, the source hot-electron temperature
varied with laser intensity IL as Th(t) « [IL(t)/ImaxJO'u.

In the FILM calculations described here, there was no ponderomotive
force, and the laser beam had a gaussian temporal shape. The inverse
bremsstrahlung absorption was calculated .using a mean ion charge defined

by zeff = <zz>/<z>, vwhere the relevant mean charge for the hydrodynamics was
<Z>. The inverse bremsstrahlung absorption coefficient was the usual
¢lassical, linear value. The target material was plastie, °1o-Ha-°u-

<Z> = 4,6. Targets were 20 - 50 um thick, and were extended in their

transverse dimensions,
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In the FILM calculations, there was no inhibition of the suprathermal

electron transport. We therefore were left with three free input parameters:

1) The hot-electron temperature 'l'h was chosen to reproduce the slope of
the hard X-ray spectrum. This choice waa unambiguous, in the absence of

inhibition of the suprathermals.

2) The second input parameter was the fraction of the laser energy
reaching critical that was put into the hot-electron distribution. From a
theoretical point of view, this fraction represents resonance absorption, and
should lie between 15 - 30% as long as the laser intensity 1is high enough.
For low laser intensities (e.g., I < 1013 Wen? at 1.06 ym laser wavelength),
resonance absorption is presumed to heat primarily the thermal electron
population.11 This latter phenomenon was modeled by dumping a prescribed

fraction of the energy reaching critical into the thermal-electron population

there.

3) The third free parameter was the flux-limit applied to thermal-

electron heat transport. The conductive hedt flux was taken to be

> _ - 3
q = min {-xVT_, ~ 0.6 fn m v VT /|VT |}, (5)

where ¢ is the classical conductivity’z, Te, m, and ng are the electron

temperature, mass, and density, and Vie ¥ (Te/me)1,2 i1s the electron thermal

speed. The quantity f in Eq. (5) is the flux-limit, and is a phenomenological
parametrization of the many different physical processes which seem capable of

inhibiting electron heat flow in laser-produced plasmas.13 The numerical
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algorithm for electroq conduction was similar to the new algorithm described
. in Ref. 14. Note the factor of 0.6 in front of f in Eq. (S5).

To obtain a feeling for the difference between different computer
hydrodynamics codes, we have also performed analogous computer hydrodynamics
simulations using the code LASNEX, developed by G. Zimmerman and
colleagues.15 We regard the differences between the two independently
developed codes LASNEX and FILM as representing the "error bars" of the
computer calculations. As used here, the physics model in LASNEX was very
similar to that described above for FILM, with the following minor
exceptions: 1) The ionization state was described by a more complete model,
.either local thermodynamic equilibrium (LTE) or a non-LTE rate~equation
calculation. LASNEX gave similar results in both cases; each was close to
full ionization. 2) A tabular equation-of-state for plastic was used, instead
of the perfect-gas assumption used by FILM. 3) The effect of spherical
divergence was modeled by giving the target a gentle radius of curvature,
equal to twice the focal-spot diameter. Deéailed comparisons showed that this
spherical divergence did not have a significant influence, since the laser
pulse~length was so short 1n our experiments and calculations. 4) The details
of the numerical algorithm used to calculate the heat flow were a bit
different in LASNEX and FILM. For both the FILM and LASNEX calculations, one-
half of the actual laser energy was assumed to be incident on a focal spot

equal to the half-energy diameter measured in the experiments.
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A. Results at 0.27 um laser wavelength

For this ultraviolet wavelength, the experimentally observed absorption
was about 93% at an incldent intensity of 2.7 X 1014 H/cmz. using
a 70 um diameter focal spot. The pulse length was about 60 psec.

Figure 9 shows the absorption fractions calculated by FILM and LASNEX for
these conditions; using Th = 1.5 keV and a resonance absorpéion
fraction a = 20%. For FILM, when the flux limit £ is varied form 0.05 to 1.0,
the predicted total #bsorption rises from 66% to 94%. (Recall that the flux
limit £ used he;e in Eq. (5) is (0.6)'? = 1.67 times the flux limit usually
_encountered in the literature.) A similar curve was obtaiqed using LASNEX,
with a predicted absorption of 81% for £ = 0.05. For both codes, the
increased absorption at higher values of f is due to more efficient inverse
bremsstrahlung, since the coronal temperatures fall as the flux limit f
1ncréases.

At ), = 0.27 um, the absorption is largely by inverse bremsstrahlung.

L
Consider for example the LASNEX calculation illustrated in Fig. 10, which used

Ip = 2.4 X 10" W/or? and a flux limit £ = 0.1. In this calculation, the
total absorption was 94%, of which 89% was due to inverse bremsstrahlung. At
the peak of the pulse, the coronal temperature was nearly uniform at
Te = 550 eV, and both this relatively low temperature and the high electron
dehsity accessible to ultraviolet laser light favored efficlient classical
absorption.

The region in Fig. 10 where the absorption rate is large is very narrow,
and lies just outside the critical density surface. The full width at half
maximum of the absorption peak is only 1 ym. The highly localized absorption

is in turn due to the short density gradient scale length:
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n’

e 1/2
dne(dx

- 6 um - (ZTe/HI) T, e

where U 30 psec is the half-width of the laser pulse, 'l'e = 550 eV ia the
coronal temperature at the peak of the pulse, and MI/Z is approximately twice
the proton mass. With this short scale-length, good zoning resolution is
essential to obtain accurate numerical results. The calculation illustrated
in Fig. 10 had 5 zones within the full width at half maximum of the absorption
peak, and 16 zones within the full width at 1/5 maximum, Even finer zoning
resolution might be desirable'ror studies of the details of the absorption
layer.

We now return to our discussion of Fig. 9 and the overall trends in the
absorption data at AL = 0,27 ym. It is evident from Fig. 9 that if inverse
bremsstrahlung and resonance absorption are the only two absorption mechanisms
present, the thermal flux-limit f cannot be smaller than about 0.1 - 0.2 and
still match the observed absorption of 93%.

Alternatively one might want to use a low flux-limit f = 0.05, to be
consistent with many AL = 1.06 ym experiments,13 and with recent thin-foil
experiments at AL = 0,27 um.16 In this case, one must postulate an additional
mechanism capable of absorbing the difference between the observed 93% and the
predicted 65 - 80% absorption for f = 0.05. One thus requires an additional
process.(one example might be ion-acoustie tur'bulence)17 which must absorb
between 15 - 25% of the incident energy to explain the data. Another effect
that may lead to increased absorption is the lateral transport of energy out
of the laser spot. If there were large lateral transport, the cooler coronal
temperatures which would result might increase the inverse bremsstrahlung

absorption fraction. We shall discuss this effect further below.
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The experimental and calculated X-ray spectra are illustrated in
Fig. 11a, where the dotted line represents the experiments. The black lines
represent spectra calculated by FILM using 'l‘h = 1.5 keV, and by LASNEX."
Figure 11a shows the X-ray spectra predicted by the hydro codes for the case
of inhibited transport,_f = 0.05. FILM and LASNEX predict X-ray fluences that
are a factor of 3 - 10 higher than the experimental data, for X-ray energles
above about 5 keV. (The FILM spectrum is too low below 5 keV because the code
calculates emission using only optically thin bremsstrahlung, which is an
adequate representation at the higher photon energies but not in the region
below a few keV).

Figure 11b shows the X-ray spectra predicted for higher values of the
flux limit. We have chosen to show the values f = 0.2 for FILM and £ = 0.1
for LASNEX, because for each code these correspond to the smallest flux limits
giving the observed absorptioﬁ value of 93% (see Fig. 9). Both codes indicate
that about 5% of the incident energy appears in the form of hot electrons. It
is clear from Fig. 11b that the hard X-ray data are well reproduced using a
flux limit £ = 0.1 - 0.2. Hence, one set of theoretical assumptions

consistent with the absorption and spectral data at 0.27 um laser wavelength

is:

1) Classical inverse bremsstrahlung absorption

2) Roughly 20% of the energy reaching critical is resonantly
absorbed into a hot-electron distribution

3) No additional absorption mechanisms are indicated

4) Suprathermal electron transport is uninhibited

5) The thermal-electron flux limit is not small: £ > 0.1 - 0.2.
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On the other hand, as we have mentioned before, there is a previous body
of data suggesting that the thermal flux limit f may be quite small, of the
ordeé f = 0.05. Figure 11a shows the predicted X-ray spectrum for f = 0.05,
assuming no inhibition of suprathermal electron transport. Using a transport
model with uninhibited suprathermals, both codes predict a level of hard X-
rays that is too high relative to the experiment, as well as an absorption
fraction that is too low. Thus, if the flux limit is really as low as
f = 0.05, the additional physical mechanism needed to explain the high
observed absorption should put its energy into thermal rather than

suprathermal electrons, to avoid making the predicted hard X-ray spectrum even

higher.

B. Results at 0.53 um laser wavelength

For the case of green laser light, the observed variation of absorption

with incident laser intensity allows a more sensitive test of the physics
model in FILM and LASNEX. We again assumed in the computer models that there
was classical inverse bremsstrahlung absorption, and that 20% of the light
energy reaching critical produced fast electrons. ﬁe chose a peak hot-
electron temperature T, to reproduce the correct slope of the hard X-ray
spectrum, and we varied the assumed value for the thermal flux-limit f.
Suprathermal electrons were not inhibited. The laser pulse length was
80 ﬁsec, and the focal spot diameter was about 50 um.

Figure 12 shows the fractional absorption versus incident laser intensity
I,. The triangular points represent the experimental data. The different
curves represent FILM and LASNEX calculations at several laser intensities,

for flux limits of £ = 0.05, f = 0.5, and £ = 0.6.
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It i1s clear from Fig. 12 that if the only absorption mechanisms present
are inverse bremsstrahlung and resonance absorption, FILM and LASNEX both
imply that the thermal heat flow cannot be very 1nh1b1te§: £ 2 0.3 -0.6. A
flux limit of £ = 0.05 predicts absorptions that are too small by 15 - 25%,
particularly at the higher intensities.

If, on the other hand, one argues on the basis of other experiments that
heat flux is very inhibited and the flux limit is actually as low
as f = 0.05, Fig. 12 shows that one is then forced to hypothesize an
additional mechanism capable of absorbing 15 -~ 25% of the incident laser
energy. These conclusions about the absorption of green laser light are hence
quite similar to our conclusions for ultraviolet light in the previous
section.

Comparison of the high-energy X-ray spectra with FILM and LASNEX
predictions for green laser light was possible at incident intensities of
4.2 X 101" and 1.3 X 1013 ?/cmz. where the best-fit hot electron temperatures
were 2 keV and 4 keV, respectively. Figure 13 shows the spectra for
1.3 X 10! W/cm?. The predicted level of hard X-rays was somewhat high for
f = 0.05; calculations using f = 0.6 were in better agreement with the hard
X-ray data thaﬁ were the strongly inhibited cases. However, the differences
were not as large as those shown for ultraviolet incident light in Fig. 11.
In general, FILM and LASNEX calculations with uninhibited suprathermal
electrons indicate that no more than 10 - 15% of the incident energy went into

the hot-electron population at these intensities.

C. Results at 1.06 um laser wavelength

The experiments for AL = 1.06 ym used 100 psec pulse lengths and

a 60 ym focal spot diameter. Absorption was nearly constant at about 30%, for
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incident intensities above 5 X 10?3 W/em® (Sec. II). These data suggest that
resonance absorption on a steepened and rippled critical sur'face5 could be
responsible for most of the absorption in this intensity range, and that
inverse bremsstrahlung is small by comparison. Such an interpretation is
roughly consistent with FILM and LASNEX calculations of absorption for these
intensities. Since inverse bremsstrahlung is weak, total absorption is not
very sensitive to the thermal flux limit f.

The hard X-ray spectra, however, raise questions about this simple
absorption scenario. The difficulty is that when suprathermal electron
t}ansport is not inhibited, bdth computer codes predict a level of hard X-ray
emission that 1s a factor of 5 - 30 too high, if 20 - 30% of the laser light
is assumed to be absorbed by resonance absorption. This is illustrated in
Fig. 14, which compares the data at I; = 1.3 X 10'? W/cn® with hard X-ray
spectra calculated by LASNEX using the standard prescription for resonance
absorption: 20% of the laser energy reaching the critical surface is dumped
into a hot-electron population. The solid curve (a) shows a LASNEX
calculation using a flux limit of £ = 0.05 for the thermal electrons, and
f = 1.0 for the hot electrons. The predicted X-ray fluence in this case is
higher than the data by a factor of 5 - 10. -

Studies of hard X-ray spectral variations such as these have led us to
two possible absorption models for 1.06 um laser light which seem consistent
with the observations.

Model I. The observed.absorption 1s due to 20 - 30% resonance
absorption, but the suprathermal electron transport is strongly inhibited.
The additional transport inhibition acts to confine hot electrons to the low-
density corona where they do not radiate efficlently. Instead, a large

fraction of the suprathermal electron energy is presumably lost in the form of
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fast-ion acceleration. This type of scenario is supported by recent thin-foil

experiments on transport.16

We have attempted to model this physics in two different ways. Using

LASNEX, we have applied a strong flux limiter f = 0.05 to the suprathermal

electrons, as well as to the thermals. The resulting predicted X-ray spectrum
is shown in curve (b) of Fig. 14. Inhibiting the suprathermal electrons helps
to lower the predicted spectrum closer to the experimental value, but computer
code predictions still lie above the data.

To help develop a further feel for thils phenomenon, we have attempted to
study the extreme case wvhere éoronal electrons are completely blocked from
entering the dense part of the target. To crudely model this situation we
have used the code FILM in a mode where all the absorbed laser energy 1is
dumped at the critical surface into a strongly flux-limited thermal population
of electrons. Figure 15 shows that a very strong flux limit £f = 0.01 - 0.05
appllied to this "thermal™ population of hot electrons is sufficient to bring
the hard X-ray emission down to the low level observed in the experiment.

We feel that the hypothesis of strongly inhibited hot electron transport
is supported by the calculations reported here, but that it must be '
investigated further using numerical transport quels more appropriate to the

accurate description of fast-ion losses and hot-electron motions in the

corona. 18 .

Model II. If suprathermal electron transport is not strongly inhibited,
comparison of the hard X-ray spectrum with FILM and LASNEX indicates that only
2 - 5% of the incident laser energy is going into a hot-electron population
for 1.06 um laser light. In this case, one woﬁld need to postulate an

additional mechanism capable of absorbing about 25% of the incident energy

into a thermal population of electrons. (Inverse bremsstrahlung is too weak

in this high-intensity regime.)
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We have briefly studied this alternative using LAsﬁEx, by dumping only 5%
of the energy reaching the critical surface into hot electrons.
Simultaneously, the energy absorbed by the thermal electrons was artificially
increased, by multiplying the inverse bremsstrahlung absorption coefficient by
a factor of two. The resulting total absorption of 21% was thus not too far
below the observed value of 25 - 30% at an intensity of 1015 w/em®. For this
calculation, which is illustrated as curve (c) of Fig. 14, the flux limits
were ' = 0.05 for the thermal electrons and £ = 1.0 for the suprathermals.

This type of model can also come quite close to matching the observed
hard X-ray spectrum (Fig. 14). However, this second model makes us uneasy
-rrom a theoretical point of view, because extensive computer simulations?8
show that resonance absorption can-readily absorb 20 - 30% of the light
reaching the critical surface in this short-pulse parameter regime. For
theoretical reasons we tend to favor Model I, because we can think of
mechanisms such as megagauss d.c. magnetic fields19 which would be capable of
inhibiting the transport of suprathermal electrons, particularly
for 1.06 pym laser light.

ﬁe have also tried to model the AL = 1,06 ym short-pulse absorption data
at low laser intensities, I; < 1013 H/cmz. ‘We deposited the energy due to
resonance absorption into the thermal electrons, as described in.Rer. 11. We

found the interesting result that with a resonance absorption

fraction a = 20%, FILM predicted absorptions that were larger than ;hose
measured experimentally. To match the observed absorption, we had to decrease
the resonance absorption fraction to roughly 5% at these low laser
intensities. Part of this effect may be due to FILM's lack of a treatment of

partial ionization. We remark that interpretations of recent long-pulse
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experiments under collisional conditions2? have also found it necessary to

reduce the resonance absdrption fraction to only a few percent.

D. Discussion

Analysis of the detailed trends of our data using the computer
hydrodynamics codes FILM and LASNEX has allowed us to arrive at twa

alternative physics models consistent with the absorption data and the hard X-

ray spectra. Either

1. Transport of both thermal and suprathermal electrons is relatively
uninhibited, and the two dominant absorption mechanisms are inverse

bremsstrahlung and resonance absorption,

or

2. Thermal transport is very inhibited (as suggested by previous

experiments13'16) and there is a further, presently unidentified

mechanism capable of absorbing about 15 ~ 25% of the incident energy.

In addition, our analysis of the X-ray spectra produced by 1.06 um laser light
suggests that in this case hot-electron transport may be strongly inhibited.

These conclusions have inherent limitations, however, and we would like
to point out some of them here.

From the experimental point of view, there 1s uncertainty in the value of
the laser pulse length and spot size and, hence, in the appropriate incident
laser intensity to use in the computer simulations. Since the predicted
absorption fraction depends on intensity, this introduces an uncertainty into

our conclusions about the magnitude of the flux limit f and the necessary
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additional absorption processes. We can estimate this uncertainﬁy from

Fig. 12. If the actual value of the laser intensity were lower than we had
thought, the experimental points would shift to the left by an appropriate
amount., For example, consider an error of a factor of two in the intensity.
In this case, the calculated absorptions for £ = 0.05 and f = 0.1 would still
lie well below the measured values, and our conclusions would not be
qualitatively changed. However, if the actual value of the intensity were
lower by a factor of four or more, our uncertainty would begin to be quite
large.

A second question concerns the amount of lateral transport. If a
substantlal fraction of the incident laser intensity were to be spread out
laterally beyond the edge of the focal spot, then one should use an
appropriately lower incident laser intensity to model these experiments with a
one-dimensional hydrodynamics code. In the code studies reported here this-
effect was not included, since we had no experimental evidence on the
existence or magnitude of such a lateral transport effect. Additional

experiments specifically addressing the lateral transport 1ssue would be very

desirabls.

V. SUMMARY AND CONCLUSIONS

We have reported the results of a scaling study of laser light absorption
by solid plastic targets. Using a frequency-multiplied Nd-glass laser, we
have measured the absorption at laser wavelengths of 1.06 um, 0.53 um,
and 0.27 ym. Absorption lncreases at shorter laser wavelengths, lower laser
intensities, and longer laser pulse-lengths. For an ultraviolet laser

wavelength AL = 0.27 um, absorption is nearly total even at a laser intensity

of 3 X 10'% W/em2.
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For a laser pulse length of 2 nsec and ; wavelength AL = 1.06 ym, we
found evidence suggesting stimulated Brillouin scattering at high laser
intensities. This enhanced scattering was not present at the shorter laser
wavelengths AL = 0.53 ym and 0.27 um, thus confirming simple theoretical
scaling predictionsz1 for Brillouin scatter.

We have interpreted our absorption data using a simple analytic model
which includes classical inverse bremsstrahlung, resonance absorption, and an
isothermally expanding plasma corona. The model's results agree qualitatively
with our short-pulse absorption data; but depart from the data quantitatively
in some interesting and suggeétive ways. '

Detailed computer simulations of our short-pulse experiments lead us to
alternative hypotheses about appropriate physics models. Either

a) The absorption is entirely due to classical inverse bremsstrahlung
and 20% resonance absorption at the critical surface, in which case
the flux limit i{s £ = 0.1 - 0.2; or

b) There is an additional mechanism capable of absorbing 15 - 25% of the
incident laser light. In the latter case, we would deduce a flux
limit f - 0.05, indicating significant inhibition of electron heat
flow. (Recall the non-standard definition of f in Eq. 5.)

We discuss elseuhereu our data on hard X-ray spectra at the three laser
wavelengths studied here. Qualitatively, the spectra show significantly lower
hard X-ray fluences and temperature at the shorter laser
wavelengths AL = 0.27 um and 0.53 wm, indicating a smaller and cooler
population of hot electrons. However, we caution that targets of a size
contemplated for eventual fusion reactors will have underdense plasmas
considerably larger than those produced in the experiments reported here.

Because of our relatively small laser focal spot size, we have not addressed
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the scaling of processes such as stimulated Raman scattering and the two-

plasmon decay instability, which are both potential hot-electron sources in
21

*

larger underdense plasmas,

The eventual success of short-wavelength iasers for directly driven
fusion targets will depend on an adequate resolution of the illumination
symmetry issues posed by short-wavelength lasers.22 The symmetry question has
recently been addressed experimenta11y23 at a laser wavelength of 1.06 um.
Further symmetry experiments at sub-micron wavelengths would be highly

desirable, to quantitatively evaluate the trade-off'between good plasma-

physics coupling and good target symmetry.
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FIGURE CAPTIONS

1.

10.

Variations of absorption and backreflection with focusing position,
at 1.06 ym - 2.5 nsec.
Schematics of the 4x calorimetry system, using an Ulbricht sphere.
Detailed optical energy balance at 1.06 um for the short pulse regime.
Detailed optical energy balance at 0.53 um for the short pulse regime.
Detailed optical energy balance at 1.06 um for the long pulse regime.
Detailed optical energy balance at 0.53 uym for the long pulse regime.
Fractional absorption of laser light versus incident flux for various
experimental conditions:"
- Short and long laser pulses at 1.06 ym and 0.53 um on plane C40Hg0y
targets. .
- Typlcal error bars are represented by dashed lines at 0.26 um
(CyoHgOy - 60 psec, Au - 60 psec; Cyotig0y - 150 psec;
Al - 150 psec, Au - 150 psec). '
Absorption rates calculated by the analytical model.
Absorption fractions calculated by FILM (F) and by LASNEX (L), for laser
wavelength AL = 0.27 um and incident intensity I, = 2.4 X 101" ?/cmz.
The horizontal axis represents the flux limit f, normalized as in
Eq. (5). The laser pulse length was T " 60 psec, with gaussian temporal
shape. The computer calculations used a hot-electron temperature
Th = !.5 keV, classical inverse bremsstrahlung, and resonance absorption
fraction @ = 20%. The dashed lines indicate the experimental range for
the absorption measurements reported in Sec. II.
Profiles of electron density and specific absorption rate at the peak of
the laser pulse from a LASNEX calculation at AL = 0.27 um,

I, = 2.4 X 101" ?/cm?. pulse length - 60 psec, flux limit f = 0.1. At
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12.

13.

14.

32

densities below n, = 1.6 X 1022 cm™3, the density scale length is

about 6 um. The full width at half maximum of the absorption-rate peak
is 1 pm.

Measured (dotted line) and calculated (solid lines) hard X-ray spectra,
for the same experimental conditions as Fig. 9. a) FILM and LASNEX
predictions for a flux limit f = 0.05; b) FILM prediction for £ = 0.2 and
LASNEX prediction for f = 0.1.

Fractional absorption vs. incident laser intensity I,, at laser
wavelength AL = 0.53 um. Trlangles represent experimental data. Curves
represent FILM (F) and LASNEX (L) calculations for flux limits of

f =005 f=05andf = 0.6. Laser pulse length was T - 80 psec. The
computer calculations assumed classical inverse bremsstrahlung and a
resonance absorption fraction a = 20%.

Hard X-ray spectrum for laser wavelength AL = 0.53 um, intensity

I; = 1.3X 1013 ?/cm?, pulse length " 80 psec. Dotted line represents
experimental dat;. Solid lines show computer calculations

with a = 20% and classical inverse bremsstrahlung absorption, for a flux
limit £ = 0,05, Th = 4 keV,

Hard X~-ray spectrum for laser wavelength AL = 1,06 ym, intensity

I, = 1.3 X 10'3 Wen?, pulse length 1, = 100 psec, T, = 20 keV. Dotted
line represents experimental data. Solid curves are LASNEX calculations
using different physics assumptions. a) Flux limits £ = 0.05 for thermal
electrons, £ = 1.0 for suprathermal electrons, resonance absorption
fractioh a = 20%, classical inverse bremsstrahlung. b) Flux limits

f = 0.05 for both suprathermal and thermal electrons, a = 20%, classical
inverse bremsstrahlung. c¢) Flux limits f = 0.05 for thermal electrons,

f = 1.0 for suprathermal electrons, a =~ 5%, inverse bremsstrahlung
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absorption coefficient multiplied by two. Calculated absorption values
corresponding to these three physics models were: a) 28%, b) 2u%,
c) 21%. Experimental absorption aF this intensity was 25 - 30%.

Hard X-ray spectrum for laser wavelength A, = 1.06 um, laser intensity
) L

L
experimental data. Solid curves are results of FILM calculations where

Iy =1.3X 1015 H/cmz, pulse length 1, = 100 psec. Dotted line shows

resonance absorption is assumed to deposit iIts energy entirely into a
flux~limited thermal population of electrons at the critical surface.
Calculations are shown for two values of the thermal flux limit f,

normalized as in Eq. (5): There are no suprathermal electrons in these

calculations.
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